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ABSTRACT

The precise atomic structure of a metal contact significantly affects the performance of nanoscale electronic devices. We use an accurate,
DFT-based non-equilibrium Green’s function method to evaluate various metal contacts with graphene or graphene nanoribbons. For
surface metal contacts not chemically bound to graphene, Ti contacts have lower resistance than those of Au, Ca, Ir, Pt, and Sr. However, as
an edge contact, Ti has larger resistance than Au. Bridging O atoms at Ti and Au edge contacts lowers the transmission by over 30%.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0091028

I. INTRODUCTION

The unique electronic structure1 and exceedingly high intrin-
sic mobility2 of graphene make it a propitious material for future
high-speed nanoelectronic devices. Fundamental to their function-
ing are low-resistance metallic contacts. However, the technology to
fabricate such contacts easily and reproducibly does not yet exist.
Experimental data indicate a wide range of contact resistances3,4

depending on the metal, the method of fabrication, and contact
geometry. Usually, a metal is deposited on the top of a graphene
sheet and adheres via van der Waals interactions. This contact
geometry is called a surface contact. Much experimental and theo-
retical work has been performed in this configuration.5–12 One of
the best results was reported for a Pd contact.13 At a low tempera-
ture of 6 K, the resistivity is around 100 Ω μm, which is in the bal-
listic regime. At high temperatures, the resistivity is doubled to
∼200Ω μm. However, non-reactive metals result in weak bonding,
a long coupling length,14 and, thus, a large contact resistance.
Alternatively, some metals form edge metal–graphene contacts,15–17

which are chemically bonded. Due to substantial orbital overlaps in
such contacts, some experiments found very low contact resis-
tances. Wang et al.18 reported an edge contact in which an encap-
sulated BN/graphene/BN heterostructure is metalized at both ends
and achieved contact resistivity as low as 100 Ω μm. The resistance
was nearly temperature-independent, in contrast to the Pd surface
contact. Robinson et al.19 have shown that a metal–graphene
contact resistance dramatically decreases if graphene was pretreated
with oxygen plasma.

Since pure graphene is a semimetal and has no bandgap, it
cannot be directly used in transistor devices. However, in graphene
nanoribbons (GNRs), an energy gap appears20,21 due to confine-
ment, enabling device applications. Different edge shapes (armchair
or zigzag) and ribbon widths modulate the bandgap.20 For a zigzag
edge structure, there should be no bandgap due to band folding
from bulk graphene, independent of the nanoribbon width.
However, spin polarization at the edge induces a very small
bandgap. The armchair edge structures can be categorized into
three groups with the number of carbon layers being 3n, 3n + 1,
and 3n + 2.20 The nanoribbons in the 3n + 1 group have the largest
bandgap, and those in the 3n + 2 group have the smallest gap. For
nanoribbons with mixed edges, the spin polarization effect is
reduced, and the bandgap is always small compared to the arm-
chair nanoribbon with a similar width.22 As the armchair ribbon
width increases, the bandgap is reduced because it approaches the
zero-gap graphene limit.

Although several theoretical metal–GNR contact studies have
been carried out,23–25 a systematic investigation of tunneling across
contacts and the dependence of electron transmission on channel
length is lacking. We perform such a study and also compare the
performance of surface and edge contacts for best candidate metals.

II. METHODOLOGY

The non-equilibrium Green’s function (NEGF) method26,27 is
used to calculate the quantum transport properties, employing the
NEGF branch of the real-space multigrid DFT code (RMG).28–31
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The grid spacing for real-space wave functions and localized orbit-
als is 0.178 Å, corresponding to 35 Ry kinetic energy cutoff while
that for the charge density and potentials is 0.089 Å, corresponding
to a 140 Ry plane-wave kinetic energy cutoff. The calculations use
norm-conserving pseudopotentials32 and GGA exchange-
correlation functional in the PBE form.33 The thermally averaged
contact resistivities are calculated based on the transmission func-
tion Trans(E) as follows:34

1
RC

¼ G0

L

ð
Trans(E)

e(E�(EFþeVG))/kBT

(1þ e(E�(EFþeVG))/kBT)2
dE
kBT

, (1)

where G0 is the unit of quantum conductance, L is the width of the
contact, VG is the gate voltage, and the temperature T is set to
300 K.

We consider six metal-surface contacts: Au (111), Ca (111), Ir
(111), Pt (111), Sr (111), and Ti (0001). The graphene in the
contact region is terminated with hydrogen-saturated zigzag edges,
see Fig. 1, for the structure. For surface contacts, Ma et al.8 showed
that strongly interacting metals, e.g., Pd, always form chemical
bonds to graphene, while weakly interacting metals, like Au, only
form bonds through atomic distortions near the edge when the
contact length is shorter than 4 Å. Overall, current through metal–
graphene surface contacts with contact length longer than 4 Å is
not dependent on bonding near the edge.8 In the following, we
investigate the effects of both the channel and contact lengths. For
the best surface contact candidate Ti (0001), we also study the
resistance of contacts to semiconducting armchair graphene
nanoribbons (aGNRs) with different widths. The metals are
described by two- or three-layer slabs and are slightly strained in
the y-direction so that their lattice constants are commensurate
with that of graphene. In all the cases studied here, the lattice-
constant changes are smaller than 4%. The optimal equilibrium
distances35 between the metals and the graphene sheet were
obtained by minimizing the total energies.

As paradigmatic edge contacts, we examine graphene edge-on
attachment to Au and Ti, including oxygen contamination at the
contact interface. In each case, the central device structure is opti-
mized until the atomic forces converge to 0:026 eVÅ

�1
. We use

the Quantum Espresso code36 with the PBE exchange-correlation
functional33 to perform structure optimizations. In periodic super-
cell calculations, 15 Å vacuum regions are added perpendicular to
the graphene 2D plane. In NEGF calculations, we found that a very

dense k-points mesh is necessary to obtain converged transmission
coefficients. We use 251 k-points in the direction perpendicular to
the transport axis.

III. RESULTS AND DISCUSSION

A. Metal–graphene surface contacts

For surface metal contacts, the equilibrium distances between
the metals and the graphene sheet are listed in Table I. For the Ti–
graphene contact, our result of 2.03 Å is very close to 2.05 Å
obtained in Ref. 9.

The transmission spectra of all metal–graphene surface con-
tacts considered here are shown in Fig. 2, with the channel length
set to 12.8 Å, which is around 3 graphene unit cell lengths. The Ti
contact has the best performance at low bias, while the Au contact
is the worst. This is also reflected in Table I, which lists calculated
zero-bias resistivities. The Ti–graphene surface contact has the
lowest resistivity (highest transmission), followed by Ca, Ir, Pt, Sr,
and Au.

B. Metal–graphene edge contacts

We study graphene edge contacts to both Au and Ti leads
with and without oxygen contamination. The results are pre-
sented in Table II. Figure 3 shows a schematic view of Ti–gra-
phene edge contacts. As discussed in Sec. III C, the resistivity of
the Ti–G edge contact is much larger than that of the surface
contact, independent of the channel length. Kretz et al.16 attribute
the increase to the mismatch between the Fermi level states of the
metal and those at the graphene edge. With oxygen contamina-
tion, the long-channel edge contacts have somewhat larger
contact resistance than pristine contacts. This result also agrees
with that of Kretz et al.

For Au–graphene systems, the edge contact has a much lower
resistivity than the surface contact, especially when the channel is
long [see Fig. 4(b)]. In the latter case, tunneling between metal
leads is suppressed, and the overlap between Au and graphene
orbitals at the Fermi level is insufficient for good conductivity
because of the large van der Waals bonding distance. In the edge-
contact case, chemical bonds at the contact aid in electron trans-
mission. This transmission is only slightly affected by insertion of
O atoms into the metal–carbon bonds, which mimics O
contamination.

FIG. 1. Atomic structure of the metal–graphene surface contact.

TABLE I. Calculated metal–graphene distances and zero-bias resistivities of metal–
graphene surface contacts, with channel length set to 12.8 Å.

Metal Au Ca Ir Pt Sr Ti

Resistivity (Ω μm) 158 72 77 90 98 41
Equilibrium
distance (Å)—
This work 3.41 2.51 3.49 3.53 2.54 2.03
Equilibrium
distance (Å)—
Other works 3.63 2.24 3.4135 3.59 … 2.06
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C. Contact and channel-length effects

For the design of a surface contact, the contact and channel
lengths play significant roles. We use Ti to investigate these effects
because it performs the best among the six metals considered in
Sec. III A. First, we study the effect of contact length, varying the
total (left and right) length from 21.3 to 55.4 Å, while the channel
length is set to 12.8 Å and fixed. Figure 5(a) shows that different
contact lengths lead to very similar I–V curves. These results agree

well with those of Ref. 8. We also consider the effect of channel
length varying from 12.8 to 166.1 Å, while the contact length is set
to 21.3 Å. As Fig. 5(b) demonstrates, the current is high when the
channel is short because of tunneling between interface states of

FIG. 2. Transmission spectra of metal–graphene surface contacts considered
here.

FIG. 3. The schematic view of (a) Ti–graphene edge contact and (b) oxygen-
bridged Ti–graphene edge contact.

FIG. 4. (a) Zero bias resistivities of Ti–G contacts with different channel
lengths. (b) Zero-bias resistivities of Au–G contacts with different channel
lengths.

TABLE II. Calculated contact resistivities for different metal–graphene contact types
and the longest channel lengths, compared with experimental and theoretical results
from the literature.

Contact type

Present results
with the
longest
channel
(Ω μm)

Experimental
results (Ω μm)

Prior
theoretical

results (Ω μm)

Ti–G surface
contact 273 56837 6129

Ti–G edge
contact 971 … 40016

Ti–G edge
contact with O 1459 ∼10 00018 60016

Au–G surface
contact 2382 20007 22849

Au–G edge
contact 757 62038 32016

Au–G edge
contact with O 1042 … …
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the two metal leads. As the channel length increases, interface
states’ overlap decreases, and its contribution is negligible when the
channel length is greater than 115 Å.

Figure 4 shows the channel length effect on the resistivities of
Ti or Au contacts. The resistivity is calculated according to Eq. (1)

with a bias of 0.1 V. For all of the contacts considered here, the
resistivity becomes less dependent on channel length when it
exceeds 100 Å, except for the Ti edge contact with O contamina-
tion. This is because the calculations are performed in the ballistic
regime. For O contamination, hybridization of O orbitals with gra-
phene wave functions plays a more important role in transport
properties. Figure 4 also shows that the Ti surface contact has
much lower resistivity than its edge contact. For Au contacts, the
edge contact performs better than the surface contact.

Table II summarizes our ballistic resistivity results with the
longest channel lengths and compares them with prior experimen-
tal and theoretical results. One should note that the resistivities in
Table II are obtained from the longest channel lengths that we con-
sidered, while in Table I the channel length is set to only 12.8 Å
and tunneling through overlapping interface states plays an impor-
tant role in low resistivities listed there. Because ballistic resistivity
depends much less on the channel length when it exceeds 100 Å,
the resistivities in Table II can be viewed as true metal–graphene
contact resistivities for these contact geometries. Our results are in
good agreement with the experiment, except for the graphene–Ti
edge contact with O contamination, where the experiment shows a
much larger resistance. This is likely due to a significantly worse
contact geometry in the experiment, potentially due to oxidative
damage. Our results are also in quite good agreement with those of
prior calculations. The discrepancies are probably due to differ-
ences in contact geometries.

D. Metal–aGNR surface contacts

Graphene is a semimetal with a zero-energy gap, which pre-
vents its applications in some electronic devices, such as transistors.
A graphene nanoribbon with an armchair edge (aGNR) has a
bandgap. aGNRs can be categorized into three families depending
on the number of carbon dimer lines n (mod 3) across their
widths,20 3n, 3n + 1, and 3n + 2. The aGNRs in the 3n + 1 family
have the largest bandgaps, and those in the 3n + 2 family have the
smallest.20 Here, we consider 7-, 8-, and 9-aGNRs representing the
3n + 1, 3n + 2, and 3n aGNR families, respectively. Their DFT
bandgaps are 1.6, 0.2, and 0.7 eV. Ti is used as the contact metal
because it has the lowest resistivity of all the metals tested here.
Figure 6 shows the atomic structure of 7-aGNR with a Ti surface
contact. Figure 7(a) shows its transmission spectra calculated with
different channel lengths.

In the following, we define the transmission gap as an energy
window in which the transmission coefficient is smaller than
10−3 G0. Since the 7-aGNR has a bandgap of 1.6 eV, one expects a
transmission gap of 1.6 eV if there is no tunneling between the
interface states of the metal leads. Figure 7(a) provides clear evi-
dence of tunneling effects when the channel length is short. When
the channel length is 12.8 Å, there is no transmission gap and the
transmission coefficient is large even at the Fermi level. For longer
channel lengths, a transmission gap emerges and increases steadily
with the length, eventually reaching the bandgaps of the respective
aGNRs,20 as shown in Fig. 7(b).

It is well known that metal–semiconductor contacts induce
metal-induced gap states (MIGS) that decay exponentially as e�x/L,
where the decay length L is proportional to 1/q, with q being the

FIG. 5. (a) I–V curves of three Ti–graphene surface contacts with different
contact lengths. (b) I–V curves of four Ti–graphene surface contacts with differ-
ent channel lengths.

FIG. 6. Atomic structure of a metal–GNR surface contact.
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imaginary part of the wave vector in the gap.25 This relationship is
clearly exhibited in Fig. 7(c), where the currents of all three aGNR
contacts decay exponentially. The larger the bandgap, the faster the
current decays.

IV. CONCLUSIONS

In summary, we investigated metal–graphene contacts using
ab initio calculations based on the non-equilibrium Green’s func-
tion formalism. Different metals with surface- or edge-contact
types were explored. We also considered aGNR-based contacts,
examining the contact and channel-length effects.

Our results show that among the surface contacts, Ti has the
best performance among the considered metals (Ti, Au, Ca, Ir, Pt,
and Sr). Contact lengths greater than 10 Å are sufficient. The trans-
mission coefficient converges when the channel length is larger
than 115 Å, indicating that overlap and tunneling between interface
states of the two contacts vanish at that length. For Ti–aGNR
surface contacts with a long channel length, the transmission gap
increases and the current decays exponentially with the channel
length, confirming this interpretation. Finally, an edge contact is
not always a better choice than a surface contact; it depends on the
metal choice. Oxygen contamination inhibits transmission at both
Ti and Au edge contacts.
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